Introduction
============

Living plants show changes in their growth patterns in response to environmental stimuli such as light, gravity, water, temperature and touch. In 1880, Darwin outlined those various plant movements in detail in his book 'The Power of Movement in Plants'. He also studied the phototropic response, which controls the direction of organ growth in accordance with the direction of the light source, and suggested the presence of some matter in the upper part which is acted on by light, and which transmits its effects to the lower part. This study contributed to the discovery of the first phytohormone, auxin.

The Cholodny--Went theory suggests that asymmetric distribution of the phytohormone auxin occurs in response to a tropic stimulus as the result of its lateral movement, and causes differential growth on the two sides of the plant organ and consequent organ bending ([Fig. 1](#pcs111-F1){ref-type="fig"}) (reviewed in [@pcs111-B150], [@pcs111-B137], [@pcs111-B154]). Many physiological studies have now suggested that phototropic responses are controlled by multiple photoreceptor systems, most notably the blue light photoreceptors, and many other studies have attempted to reveal how photoreceptors induce the asymmetric distribution of auxin in plant organs such as hypocotyls, coleoptiles and roots (reviewed in [@pcs111-B12], [@pcs111-B109], [@pcs111-B57], [@pcs111-B83], [@pcs111-B53]). Molecular genetic studies of these processes commenced in the 1990s using *Arabidopsis thaliana* mutants, and the complex physiological aspects of phototropism have begun to be systematically explained more recently in molecular terms. This review introduces the findings of these molecular genetic studies and assesses our current knowledge of phototropism in Arabidopsis. Fig. 1Distribution of auxin during hypocotyl phototropism in Arabidopsis. Two-day-old etiolated seedlings harboring the auxin reporter gene *DR5rev:GFP* were used. The hypocotyl was stimulated with unilateral irradiation of blue light for 3 h at 0.2 µmol m^−2^s^−1^. GFP signals were detected with a confocal laser scanning microscope. The pictures show representative examples (K. Haga and T. Sakai, unpublished results).

Photoreceptors
==============

Phototropins
------------

Arabidopsis seedlings show positive hypocotyl phototropism and negative root phototropism under unilateral blue light irradiation. Previously, three research groups independently screened Arabidopsis mutants showing abnormalities in their phototropic responses. Hypocotyl phototropism mutants denoted as JK218, JK224, JK229 and JK345 were first isolated by [@pcs111-B70], and the mutants *nonphototropic hypocotyl1* (*nph1*), *nph2*, *nph3* and *nph4* were described several years later by [@pcs111-B84]. Root phototropism mutants, *root phototropism1* (*rpt1*), *rpt2* and *rpt3*, were isolated by Okada and Shimura ([@pcs111-B102], [@pcs111-B103]). From the corresponding loci of these mutants, *NPH1* was cloned and sequenced, and found to encode a 120 kDa UV-A/blue light photoreceptor protein, NPH1, that binds the blue light-absorbing chromophore, FMN, and that harbors two FMN-binding domains, light, oxygen, voltage1 (LOV1) and LOV2, at its N-terminus and a serine (Ser)/threonine (Thr) kinase domain at its C-terminus ([@pcs111-B55], [@pcs111-B20]). Subsequent studies revealed that JK224 and *rpt1* were allelic with *nph1* ([@pcs111-B84], [@pcs111-B119]). Although the *nph1* mutants showed non-phototropic hypocotyl and root phenotypes under almost all experimental conditions ([@pcs111-B84]), these hypocotyls showed an obviously positive phototropic response at high fluence rates (10 and 100 µmol m^−2^s^−1^) ([@pcs111-B119]). Thus, the evidence indicated that blue light photoreceptor(s) other than nph1 are involved in the signaling processes that trigger hypocotyl curvature upon illumination by a high fluence rate of blue light.

Arabidopsis also expresses an *NPH1*-homologous gene, *NPH1-LIKE1* (*NPL1*) ([@pcs111-B64]), which encodes a 110 kDa protein that also harbors two N-terminal LOV domains and a C-terminal Ser/Thr kinase domain ([@pcs111-B67]). The *npl1* mutant was isolated from a pool of T-DNA-tagged clones ([@pcs111-B117]). A single mutation in *npl1* had no effect on the phototropic responses in hypocotyls and roots, but in a *nph1* background caused a remarkable defect in the phototropic response of hypocotyls even under high fluence rates of blue light ([@pcs111-B117]). Therefore, it was concluded that nph1 and npl1 are major blue light photoreceptors in the phototropic response pathway in Arabidopsis and show partially overlapping functions in a fluence rate-dependent manner. These photoreceptors were subsequently renamed phototropin1 (phot1) and phototropin2 (phot2), with corresponding gene name changes ([@pcs111-B13]).

Blue light irradiation activates the kinase activity of the phototropins (reviewed by [@pcs111-B19]). Each FMN molecule associates with the LOV domains non-covalently in a dark state. Blue light absorption then causes the formation of a transient covalent adduct between the FMN and a critical cysteine residue in the LOV domain. This binding causes a conformational change in the phototropin proteins and activates their protein kinase activities. Activated phototropins are autophosphorylated at several serine residues ([@pcs111-B60], [@pcs111-B136]), among which the autophosphorylation of phot1 Ser851 in the activation loop between the LOV2 and kinase domain is critical to the signal transduction event that induces the phototropic responses. An alanine substitution at phot1 Ser851 causes a loss of function ([@pcs111-B60]). The Ser851 residue is also conserved in phot1 and phot2 from seed plants, ferns, mosses and green algae, suggesting that its autophosphorylation is a common event for phototropin-induced responses in plants ([@pcs111-B60]). In this context, [@pcs111-B143] indicated that the *roots curl in NPA1* (*rcn1*) mutation of the A1 subunit of Ser/Thr protein phosphatase 2A (PP2A) impairs the dephosphorylation of phot2 and enhances the phot2-mediating phototropic responses in hypocotyls, but does not impair either phot1 dephosphorylation or the phot1-mediating phototropic response. Thus, autophosphorylated phot2, which accumulates in the absence of RCN1, appears to be the active form of this protein and leads to enhanced phototropism. In *Avena sativa* (oat), unilateral blue light irradiation has been shown to induce a gradient of phot1 autophosphorylation across the coleoptiles, and its phosphorylation level is greater on the irradiated side than on the shaded side ([@pcs111-B121], [@pcs111-B122]). Thus, varying light conditions cause differences in the phototropin activities between the irradiated and shaded sides of the plant, and this appears to result in asymmetric auxin distribution and the differential growth of the organ.

Expression analyses indicated that PHOT1 is expressed strongly in dividing and elongating cortical cells in the apical hook and in the root elongation zone in etiolated seedlings, although its expression is also observed in all except the root cap in the whole seedling ([@pcs111-B120]). Its expression pattern suggests that the perception of unilateral blue light irradiation leading to the induction of phototropic responses occurs mainly in the apex of the shoots and roots. *PHOT2* expression is observed in the cotyledon and hook region, but not in the hypocotyls or roots ([@pcs111-B74]). Northern blotting analysis also indicated that the expression of *PHOT2* transcripts is quite low in roots ([@pcs111-B67]), and this seems to underlie why *phot1* mutants show phototropic responses in the hypocotyls, but not in the roots under high fluence rates of blue light. In plant cells kept in the dark, phot1 and phot2 are mainly localized at the inner surface of the plasma membrane ([Fig. 2](#pcs111-F2){ref-type="fig"}) ([@pcs111-B120], [@pcs111-B74]), even though these proteins contain no transmembrane domain. In response to blue light, a fraction of the phot1 photoreceptors is released into the cytoplasm ([@pcs111-B120]), and a fraction of the phot2 photoreceptors associates with the Golgi apparatus ([@pcs111-B74]). [@pcs111-B47] further indicated that pulse irradiation of red light at 2 h prior to phototropic induction by low fluence rates of blue light prevents blue light-inducible changes in the subcellular localization of phot1 in rapidly elongating regions of the hypocotyl in a phytochrome A (phyA)-dependent manner. Because this red light pre-irradiation enhances phototropic responses ([@pcs111-B105], [@pcs111-B61], [@pcs111-B134]), these findings suggest that plasma membrane-localizing phot1 promotes the phototropic response and that the suppression of phot1 relocalization is a mechanism underlying the enhancement of the phototropic response by red light pre-irradiation. Fig. 2Schematic diagram of the cellular events related to signal transduction of phototropism following light stimulation. Light stimulation activates phototropins, cryptochromes and phytochromes, resulting in induction of many cellular events related to phototropism. The function of each molecule is described in the text. Red arrows indicate flow of auxin, black arrows show the action of molecules, and gray arrows illustrate the movements of molecules. BL, blue light; RL, red light; P, phosphorylation; U, ubiquitination.

There are some notable issues that remain to be resolved in relation to the photoreceptors. First, a green light photoreceptor that induces phototropic responses in the hypocotyls has not yet been identified. Arabidopsis hypocotyls show phototropic responses following illumination at wavelengths \<560 nm ([@pcs111-B129]), and phot1 has been found to be necessary for the green light (530 nm)-induced phototropic responses ([@pcs111-B84]). Thus, phot1 seems to function as a green light photoreceptor. However, the absorption of green light by phot1 and the subsequent activation of phot1 have not been observed. Secondly, *phot1 phot2* double mutants show a slight phototropic curvature under blue light illumination at 10 µmol m^−2^s^−1^ ([@pcs111-B117]). This observation suggests that some photoreceptors can induce the phototropic response independently of the phototropins in Arabidopsis. In this regard, double mutations of the blue light photoreceptors cryptochrome1 (cry1) and cry2 in the *phot1 phot2* double mutant background cause a complete loss of phototropic responses under any light conditions ([@pcs111-B101]). Hence, crys may have partially overlapping functions with the phototropins. [@pcs111-B90] indicated that in the absence of a gravitropic response under microgravity conditions, red light induces a phy-dependent phototropic response in Arabidopsis hypocotyls. [@pcs111-B72] also reported that red light irradiation induces root positive phototropism in a phyA- and phyB-dependent manner. Because phys also function as a blue light photoreceptor in many cases (reviewed by [@pcs111-B148]), these factors may partially induce a phototropic response in the absence of phot1 and phot2.

Phytochromes and cryptochromes
------------------------------

Although the phototropic response is primarily controlled by the phototropins, other photoreceptor families, namely phy and cry, also modulate these responses (reviewed in [@pcs111-B48], [@pcs111-B14], [@pcs111-B58], [@pcs111-B154]). In Arabidopsis, there are five *PHY* genes (*PHYA--PHYE*) encoding 120--130 kDa apoproteins (reviewed in [@pcs111-B16], [@pcs111-B148]). These apoproteins bind to the linear tetrapyrrole (phytochromobilin) of a chromophore and absorb primary red light, far-red light and secondary blue light. They harbor a C-terminal histidine kinase-related domain, and phyA shows phosphorylation activity toward several substrates in vitro including cry1 and cry2, the AUX/IAA proteins and phytochrome kinase substrate1 (PKS1) ([@pcs111-B1], [@pcs111-B35], [@pcs111-B22]). The in vivo physiological relevance of these phosphorylation events in phototropism remains to be established. Phys localizing in the nucleus also appear to regulate gene expression ([Fig. 2](#pcs111-F2){ref-type="fig"}) (reviewed by [@pcs111-B66]), but the biological functions of cytosolic phys remain to be determined.

There are two *CRY* genes, *CRY1* and *CRY2*, encoding 77 and 69 kDa apoproteins, respectively (reviewed in [@pcs111-B16], [@pcs111-B148], [@pcs111-B157]). They bind to two chromophores, a primary flavin (FADH^−^) and a second deazaflavin or pterin. Crys have two recognizable domains: an N-terminal photolyase-related domain that shares sequence homology with DNA photolyase, and a C-terminal domain that has little sequence similarity to any known proteins. The photolyase-related domain lacks photorepair activity, but shows blue/UV-A light-absorbing capacity through its binding to chromophores. By analogy to photolyase, the crys are expected to function by mediating light-dependent redox reactions. Crys also mainly localize in the nucleus ([Fig. 2](#pcs111-F2){ref-type="fig"}), and control the expression of a number of genes under blue light conditions (reviewed by [@pcs111-B66]).

Genetic studies have indicated that phys and crys function positively in phototropism. The first positive hypocotyl curvature (reviewed by [@pcs111-B109]) in response to unilateral blue light pulse irradiation is reduced in both *phyA phyB* and *cry1 cry2* double mutants ([@pcs111-B63], [@pcs111-B79]). A pulse of red light given 2 h before unilateral blue light enhances the first positive curvature in a phyA- and phyB-dependent manner ([@pcs111-B105], [@pcs111-B61], [@pcs111-B134]). The second positive hypocotyl curvature in response to unilateral blue light irradiation for ≥15 min ([@pcs111-B62]) appears normal in *phy* and *cry* mutants, but is remarkably reduced in *phyA cry1 cry2* triple mutants and *phyA phyB cry1 cry2* quadruple mutants, particularly under high fluence rate conditions ([@pcs111-B145]). These results suggest that phys and crys sometimes function redundantly in hypocotyl phototropism. [@pcs111-B69] indicated that the *cry1 cry2* double mutation in the *phot1* mutant background causes a remarkable decrease in hypocotyl curvatures during the phot2-mediated phototropic response under high-fluence blue light. Although Whippo and Hangarter ([@pcs111-B151], [@pcs111-B152]) reported that phyA and crys contribute to the attenuation of hypocotyl phototropism under high fluence rates of blue light (100 µmol m^−2^s^−1^), this attenuation is probably caused by phyA- and cry-mediated hypocotyl growth inhibition under these light conditions.

The functional roles of phys and crys in phototropism appear to be exerted through the modulation of three distinct classes of target mechanism. The first of these is phototropin signaling. Activation of phys and crys promotes the transcription of the phototropin-binding protein RPT2, induction of which is required for phototropic responses, particularly at high fluence rates ([@pcs111-B145]). Phys also control the subcellular localization of phot1 and the phosphorylation of PKS1 ([@pcs111-B35], [@pcs111-B47]), although the significance of these events for the phototropic response is an unresolved issue. The second target mechanism is auxin signaling. Basipetal auxin transport in the hypocotyls of etiolated seedlings is suppressed by red light irradiation for 2 h in a phyA- and phyB-dependent manner ([@pcs111-B97]). The auxin transporter ATP-binding cassette subfamily B-type19 (ABCB19) protein plays an important role in this process and its expression in hypocotyls is suppressed by red light irradiation for ≥4 h in a phyA- and phyB-dependent manner ([@pcs111-B7], [@pcs111-B97]). Activation of crys also causes suppression of ABCB19 expression ([@pcs111-B97]). In addition, because the *abcb19* loss-of-function mutant shows significant phototropic curvature ([@pcs111-B99]), the suppression of ABCB19 expression through the activation of phys and crys appears to contribute to the enhancement of phototropic responses. Light irradiation also influences other auxin transport-related genes, including *PIN-FORMED1* (*PIN1*) ([@pcs111-B7]), *PIN3* and *PIN7* ([@pcs111-B27]), and *PINOID* (*PID*) ([@pcs111-B31]), and these regulatory processes might also affect phototropic curvature. Continuous irradiations of red and blue light for 6 h cause about 25% decreases in the free IAA contents of the aerial portions of etiolated Arabidopsis seedlings in a phys- and cry-dependent manner, respectively ([@pcs111-B97]). In this context, red light irradiation induces the *CYP83B1* gene encoding the enzyme that catalyzes the conversion of IAA precursors to indole glucosinolates and reduces IAA biosynthesis ([@pcs111-B52]). Furthermore, phyA shows phosphorylation activities toward the AUX/IAA proteins in vitro ([@pcs111-B22]), and may modulate auxin-regulated gene expression. Thus, phys and crys may affect phototropic curvatures not only through auxin transport but also through auxin biosynthesis and/or metabolism and signaling.

The third target mechanism includes other pathways that indirectly affect the phototropic response. Because the gravitropic response counteracts the phototropic response, factors that control the gravitropic response indirectly regulate the phototropic response (reviewed in [@pcs111-B48], [@pcs111-B58]). For example, the auxin transporter mutants *aux1* and *pin2/agravitropic1* (*agr1*), and the starchless mutants *phosphoglucomutase1* (*pgm1*) and *adp-glucose pyrophosphorylase1* (*adg1*) show a defective gravitropic response, resulting in the enhancement of the phototropic response in roots ([@pcs111-B102], [@pcs111-B103], [@pcs111-B147]). The findings of several studies have indicated that phys and crys suppress gravitropic responses in Arabidopsis hypocotyls ([@pcs111-B115], [@pcs111-B77], [@pcs111-B101], [@pcs111-B97]), and these effects appear to contribute to the enhancement of phototropic responses. Recently, [@pcs111-B71] have further clearly indicated that phyA and phyB inhibit hypocotyl negative gravitropism by converting starch-filled gravity-sensing endodermal amyloplasts to other plastids with chloroplastic or etioplastic features under exposure to red or far-red light.

Gibberellin signaling is also indirectly involved in the phototropic response. Five DELLA family proteins, GAI (gibberellin insensitive), RGA (repressor of *ga1-3*), RGA-like1 (RGL1), RGL2 and RGL3, are suppressors of gibberellin signaling (reviewed by [@pcs111-B127]), and *gai rga rgl1 rgl2 rgl3* quintuple mutants show a slight decrease in phototropic and gravitropic curvatures ([@pcs111-B145]). Treatment with the gibberellin biosynthesis inhibitor paclobutrazol (PAC) causes not only an enhancement of the gravitropic response in wild-type hypocotyls kept in the dark but also a partial recovery of the phototropic response in *phyA cry1 cry2* triple mutants under high fluence rates of blue light. [@pcs111-B40] indicated that PAC treatment decreases the transcription of *IAA19/MASSUGU2* (*MSG2*), a gene that encodes MSG2, a negative regulator of the auxin transcriptional factor NPH4/auxin-responsive factor7 (ARF7) ([@pcs111-B138]). ARF7 is a positive regulator of hypocotyl tropism ([@pcs111-B51]). Thus, gibberellin signaling appears to have an inhibitory effect on hypocotyl tropism. The active gibberellin GA~4~ content in etiolated seedlings is dramatically decreased by blue light irradiation at high fluence rates in a cry-dependent manner ([@pcs111-B160], [@pcs111-B145]), suggesting that gibberellin suppresses hypocotyl bending under darkness and crys modulate the phototropic response through a reduction in gibberellin. On the other hand, gibberellin treatment does not suppress the phototropic response in wild-type seedlings ([@pcs111-B145]). PhyA and/or crys might control not only the gibberellin content, but also gibberellin sensing and/or signaling processes that affect hypocotyl phototropism.

Phototropin Signaling Components
================================

NPH3
----

*nph3* mutants show a complete phototropic response defect under any light conditions, and NPH3 thus appears to be an essential factor for the signal transduction pathways of both phot1 and phot2 in phototropism ([@pcs111-B85]). The *NPH3* gene was first identified by positional cloning in 1999 ([@pcs111-B94]). JK218 and *rpt3* were found to be allelic with *nph3* ([@pcs111-B85], [@pcs111-B119]). *NPH3* encodes a protein possessing two protein--protein interaction domains, a BTB/POZ (broad-complex, tramtrack and bric-à-brac/Pox virus and zinc finger) domain and a coiled-coil domain at the N- and C-termini, respectively, and appears to play a role as an adaptor protein ([@pcs111-B94]). The NPH3 proteins are localized to the plasma membrane and interact with phot1 and phot2 in vitro and in vivo ([Fig. 2](#pcs111-F2){ref-type="fig"}) ([@pcs111-B94], [@pcs111-B78], [@pcs111-B25]). Furthermore, the NPH3 ortholog in rice, coleoptile phototropism1 (CPT1), has been shown to be an essential mediator of auxin redistribution in coleoptiles during the phototropic response ([@pcs111-B46]).

The NPH3 proteins are phosphorylated in etiolated seedlings under darkness and dephosphorylated by blue light irradiation in a phot1-dependent manner ([@pcs111-B107]). Although these events seem to be involved in the regulation of the phototropic response, their biological significance remains to be determined. However, it is known that dephosphorylation of NPH3 is not essential for the phot2-induced phototropic response because *phot1* mutants display phototropic responses without the dephosphorylation of NPH3 under high-intensity blue light conditions ([@pcs111-B144]). These authors also identified three phosphorylated serine residues in a hinge region between the BTB domain and the NPH3 domains, and revealed that these phosphorylated residues are not required for the phot1-induced phototropic response under low-intensity blue light irradiation. A remaining question is whether the dephosphorylation of NPH3 is required for phot1 signaling in phototropic responses.

[@pcs111-B114] recently indicated that NPH3 shows binding activity to cullin3a (CUL3a), a subunit of E3 ubiquitin ligase, in mammalian cells and *Nicotiana benthamiana* leaf epidermal cells, and they are necessary for both mono-/multi- and polyubiquitination of PHOT1 proteins in blue light-irradiated seedlings of Arabidopsis ([Fig. 2](#pcs111-F2){ref-type="fig"}). The Arabidopsis genome contains two *CUL3* genes, *CUL3a* and *CUL3b*, and *cul3a-1 cul3b-1* double mutants show an embryonic lethal phenotype ([@pcs111-B36], [@pcs111-B139]). *Cul3a-3 cul3b-1* hypomorphic mutants (*cul3a-3* is a weak allele) show a moderate phenotype in terms of hypocotyl phototropism, suggesting that CUL3--NPH3-containing E3 ubiquitin ligase ubiquitinates phot1 and controls hypocotyl phototropism ([@pcs111-B114]). The authors hypothesized that mono-/multiubiquitination of phot1 under low-intensity blue light causes phot1 internalization coupled to a blue light-induced relocalization of auxin transporters and polyubiquitination, and that subsequent degradation of phot1 under high-intensity blue light causes receptor desensitization. This model is not consistent with an earlier hypothesis that phyA enhances the phototropic response by suppressing phot1 internalization ([@pcs111-B47]). More detailed examinations of these possibilities are anticipated in the near future.

A recent study has identified an NPH3-binding protein, enhanced bending 1 (EHB1), as a small protein of 25 kDa with a C2/CaLB Ca^2+^-binding domain at its N-terminus and harboring a motif that is similar to the ZAC ARF-GAP (GTPase-activating protein for ADP-ribosylation factor) protein at its C-terminus ([@pcs111-B73]). Interestingly, *ehb1* mutants show enhanced hypocotyl curvatures following phototropic and gravitropic stimulations, suggesting that this protein is a negative effector of blue light-induced and gravitropic bending ([@pcs111-B73]). EHB1 may also transduce signals from a phototropin- or auxin-driven calcium influx to vesicle trafficking mechanisms, although the function of Ca^2+^ influx in phototropism is not yet understood ([@pcs111-B50]).

RPT2
----

*rpt2* mutants are almost completely lacking in a root phototropic response, but show a moderate phenotype in terms of their hypocotyl phototropic response ([@pcs111-B119]). The nucleotide sequence of the *RPT2* gene is similar to that of the *NPH3* gene, and it encodes a protein harboring BTB/POZ, NPH3 and coiled-coil domains ([@pcs111-B119]). RPT2 proteins form complexes with phot1 and NPH3 in vivo, and localize at the plasma membrane ([Fig. 2](#pcs111-F2){ref-type="fig"}) ([@pcs111-B59]). The phototropic curvature of *rpt2* hypocotyls is induced by a low fluence rate of blue light, but the degree of this curvature decreases as the fluence rate increases. Thus, the *rpt2* mutant phenotype appears to be an enhanced effector adaptation during the phototropic response. Genetic studies have now revealed that phot1 functions not only positively in the presence of RPT2 but also negatively in its absence during the phototropic response of hypocotyls to high fluence rates, suggesting that this negative effect causes the *rpt2* phenotype and that RPT2 is involved in the modulation of the phot1 function, particularly under high-intensity blue light ([@pcs111-B59]).

*RPT2* transcripts are strongly induced by both blue and red light irradiation in etiolated seedlings ([@pcs111-B119]). [@pcs111-B145] indicated that the transcriptional induction of this gene under blue light conditions is dependent on phys and crys. A *phyA cry1 cry2* mutant showed moderate curvatures under low fluence rates (0.01 and 0.1 µmol m^−2^s^−1^) but barely any hypocotyl curvature under high fluence rates (10 and 100 µmol m^−2^s^−1^). Thus, either phys or crys are required for hypocotyl phototropism under high fluence rates of blue light. This phenotype is similar to that of *rpt2*, and the constitutive expression of *RPT2* driven by the *Cauliflower mosaic virus* 35S promoter (35S) partially complements the non-phototropic hypocotyl phenotype of *phyA cry1 cry2* under high fluence rates of blue light ([@pcs111-B145]). These results indicate that phys and crys control both the phot1 signaling pathway and phototropism through the induction of *RPT2* expression.

The Arabidopsis genome encodes 32 genes belonging to the *NPH3*/*RPT2*-like (*NRL*) family ([@pcs111-B116]), and the functions of other members of this family have been reported recently. Naked pins in yuc 1 (NPY1)/macchi-bou4 (MAB4)/At4g31820, NPY2/At2g14820, NPY3/At5g67440, NPY4/At2g23050 and NPY5/At4g37590 function redundantly in auxin-mediated organogenesis and root gravitropism with the AGC3 (protein kinase A, cGMP-dependent protein kinase and protein kinase C) kinase family ([@pcs111-B17], [@pcs111-B18], [@pcs111-B80]). SETH6/At2g47860 is required for pollen germination and pollen tube growth ([@pcs111-B75]). A defect in the *defectively organized tributaries 3* (*dot3*)/At5g10250 gene causes pleiotropic effects, and *dot3* mutants develop a small body size, abnormal vein patterning, a stunted primary root, fused rosette leaves and low fertility ([@pcs111-B108]). NPH3-LIKE/At1g30440 was identified as a phot1-binding protein ([@pcs111-B135]). These results suggest that *NRL* family members probably function in auxin-regulated cell elongation and differentiation. Further functional analyses of these factors would be very beneficial for our further understanding of the molecular functions of NPH3 and RPT2 in phototropism.

PKS family
----------

PKS family members are also known as signal transducers of phototropism. PKS1, which was identified as a substrate for light-regulated phy kinase activity in vitro, is a phy signaling component belonging to a small protein family in Arabidopsis (PKS1--PKS4) ([@pcs111-B35], [@pcs111-B78]). *PKS1* expression is transiently and precisely induced by light in the elongation zone of the root and hypocotyl, suggesting the possibility of its involvement in phototropism ([@pcs111-B76]). [@pcs111-B10] indicated that the *PKS1* expression dependent on phyA is necessary for root negative phototropism, suggesting that the transcriptional regulation of *PKS1*, as well as that of *RPT2*, is crucial for the regulation of the phototropic response in roots by phy. [@pcs111-B78] observed that the hypocotyls of *pks1*, *pks2* and *pks4* mutants show phot1-induced phototropic response defects and that PKS1 interacts with phot1 and NPH3 in vivo ([Fig. 2](#pcs111-F2){ref-type="fig"}). Double *pks* mutants and *pks1 pks2 pks4* triple mutants show enhanced phenotypes, suggesting that they function redundantly in hypocotyl phototropism. The molecular functions of the PKS proteins and the functional significance of their interactions with phys remain open questions in terms of further elucidating the phototropic response pathways.

Auxin Transporters and Their Regulatory Factors
===============================================

Asymmetric auxin distribution is caused by unilateral blue light irradiation and occurs in a phototropin signaling-dependent manner ([@pcs111-B46]). Auxin induces the transcriptional activation of the expansin genes *EXPA1* and *EXPA8* ([@pcs111-B34]), which are involved in plant cell wall expansion (reviewed by [@pcs111-B23]). Furthermore, many phototropism mutants show auxin-related signaling defects, as described in this review. These results support the Cholodny--Went theory, which suggests that asymmetric auxin distribution causes phototropic responses (reviewed in [@pcs111-B150], [@pcs111-B137], [@pcs111-B154], [@pcs111-B53]). Auxin biosynthesis appears to occur mainly in young leaves and shoots (reviewed by [@pcs111-B5]). There are several hypotheses for the mechanisms causing asymmetric auxin distribution: a lateral accumulation of auxin on the shaded side of the plant occurs because of either light-induced inactivation (hypothetical model 1), light-induced inhibition of auxin biosynthesis (hypothetical model 2), light-induced lateral auxin transport from the irradiated side to the shaded side (hypothetical model 3), light-mediated inhibition of polar auxin transport from the apical to the basal parts (hypothetical model 4) or light-induced inhibition of lateral auxin transport from its main basipetal flow in the vasculature to the outer cell layers (hypothetical model 5) ([Fig. 3](#pcs111-F3){ref-type="fig"}). Among these possibilities, the functions of auxin metabolism and biosynthesis in phototropism have not yet been examined using molecular genetic approaches. Recent studies have revealed that the main auxin biosynthesis pathway is mediated by both tryptophan aminotransferase of Arabidopsis (TAA) and YUCCA (YUC) flavin monooxygenase-like proteins ([@pcs111-B87], [@pcs111-B131], [@pcs111-B156]). Consequently, the functions of these genes in phototropism will probably be elucidated in the near future. Physiological studies have suggested that the lateral and basipetal auxin transport systems are important for phototropism, and many studies have focused on elucidating the function of the auxin transporters in phototropism (reviewed in [@pcs111-B12], [@pcs111-B109], [@pcs111-B57], [@pcs111-B83], [@pcs111-B53]). Three kinds of auxin transporter families, the plant-specific PIN family, the ABCB transporters and the amino acid permease-like auxin-resistant1 (AUX1)/like-AUX (LAX) family, have been identified in plants (reviewed in [@pcs111-B9], [@pcs111-B111], [@pcs111-B159]). Reverse genetic approaches have also been employed to reveal the functions of these genes in phototropism. Fig. 3Hypothetical models of auxin asymmetry during hypocotyl phototropism. The picture on the left shows the apical region of an etiolated Arabidopsis seedling taken from the opposite side of the cotyledon attachment side of the hook. Following phototropic stimulation, auxin asymmetry is established by either light-induced inactivation of auxin on the irradiated side (Model 1), light-induced inhibition of auxin biosynthesis on the irradiated side (Model 2), light-induced lateral transport of auxin from the irradiated side to the shaded side (Model 3), light-induced inhibition of basipetal transport of auxin on the irradiated side (Model 4) or light-induced inhibition of lateral transport of auxin from the main auxin flow on the irradiated side (Model 5). Red and blue arrows indicate flow of auxin and phototropic stimulation, respectively. Table 1Genes involved in phototropism in ArabidopsisGeneProtein functionMutant phenotype[*^a^*](#pcs111-TF1){ref-type="table-fn"}Reference(s)Photoreceptors    *CRY*(family)Blue/UV-A light photoreceptorReduced hypocotyl curvature (LOF)[@pcs111-B79], [@pcs111-B152], [@pcs111-B69], [@pcs111-B145]    *PHOT1/NPH1*/*JK224*Blue/UV-A light photoreceptorNo root curvature, no hypocotyl curvature under low fluence rate blue light (LOF)[@pcs111-B70], [@pcs111-B102], [@pcs111-B84], [@pcs111-B119]    *PHOT2*/*NPL1*Blue/UV-A light photoreceptorReduced hypocotyl curvature in the *phot1* mutant background[@pcs111-B117]    *PHY* (family)Red/FR/blue light photoreceptorReduced hypocotyl curvature (LOF)[@pcs111-B105], Janoudi et al. ([@pcs111-B61], [@pcs111-B63]), [@pcs111-B134], [@pcs111-B151], [@pcs111-B145]Phototropin signaling components    *CUL3* (family)CULLIN3Reduced hypocotyl curvature (LOF)[@pcs111-B114]    *EHB1*C2/CalB Ca^2+^-binding domainEnhanced hypocotyl curvature (LOF)[@pcs111-B73]    *NPH3*/*RPT3*/*JK218*BTBNo hypocotyl/root curvature under any light conditions (LOF)[@pcs111-B70], [@pcs111-B103], [@pcs111-B85]    *PKS (family)*UnknownReduced hypocotyl/root curvature (LOF)[@pcs111-B78], [@pcs111-B10]    *RPT2*BTBReduced hypocotyl/root curvature (LOF)[@pcs111-B102], [@pcs111-B119]    *RCN1*PP2AEnhanced phot2-mediating phototropic responses in hypocotyls[@pcs111-B143]Auxin transporters and their regulatory factors    *ABCB19*ABCB auxin transporterEnhanced hypocotyl curvature (LOF)[@pcs111-B99]    *AGC3* (family)AGC kinaseReduced hypocotyl curvature (LOF and OE)[@pcs111-B31]* AUX1/LAX* (family)Auxin influx carrierEnhanced root curvature (LOF), reduced hypocotyl curvature in the *nph4* mutant background (LOF), reduced hypocotyl curvature (LOF)[@pcs111-B102], [@pcs111-B149], [@pcs111-B133], [@pcs111-B21]    *GNOM*ARF-GEFReduced hypocotyl curvature (LOF)[@pcs111-B31]    *PIN2*/*AGR1*Auxin efflux carrierEnhanced root curvature (LOF)[@pcs111-B103]    *PIN3*Auxin efflux carrierReduced (enhanced) hypocotyl curvature in etiolated (de-etiolated) seedlings (LOF)[@pcs111-B38], [@pcs111-B21], [@pcs111-B31]    *PIN7*Auxin efflux carrierReduced hypocotyl curvature (LOF)[@pcs111-B21], [@pcs111-B31]Auxin action mechanisms    *ABP1*UnknownReduced hypocotyl curvature (LOF)[@pcs111-B33]    *ARF7*/*NPH4*Transcriptional factorReduced hypocotyl curvature (LOF)[@pcs111-B85]    *ARF19*Transcriptional factorRecovered hypocotyl curvature in *arf7* (OE)[@pcs111-B104], [@pcs111-B133]    *AXR1*Subunit of the RUB E1-activating enzymeReduced hypocotyl curvature (LOF)[@pcs111-B149]* IAA19*/*MSG2*Transcriptional repressorReduced hypocotyl curvature (GOF)[@pcs111-B138]    *TIR1/AFB* (family)F-box proteinReduced hypocotyl curvature (LOF)[@pcs111-B153], [@pcs111-B93]Others    *ADG1*ADP glucose pyrophosphorylaseEnhanced root curvature (LOF)[@pcs111-B147]    *BAK*Leucine-rich repeat receptor-like protein kinaseReduced hypocotyl curvature (OE)[@pcs111-B153]    *BIG*/*TIR3*Calossin-like proteinReduced hypocotyl curvature under high fluence rate blue light (LOF)[@pcs111-B153]    *DELLA* (family)Transcriptional regulatorsReduced hypocotyl curvature under high fluence rate blue light (LOF)[@pcs111-B145]    *HY5*bZIP transcriptional factorReduced (enhanced) hypocotyl curvature under low (high) fluence rate blue light (LOF)[@pcs111-B153]    *PGM1*PhosphoglucomutaseEnhanced root curvature (LOF)[@pcs111-B147]    *SPYO*-GlcNac transferaseReduced hypocotyl curvature under low fluence rate blue light(LOF)[@pcs111-B153][^1]

The PIN auxin efflux carrier family
-----------------------------------

The PIN family in Arabidopsis consists of eight members and is divided into two subclades that differ in terms of the length of a hydrophilic loop between the C-terminal and N-terminal transmembrane domains (reviewed by [@pcs111-B159]). PIN1, PIN2, PIN3, PIN4 and PIN7 have long hydrophilic loops, show a mostly polar plasma membrane localization, and function as efflux carriers that transport auxin from the cytosol to the extracellular matrix. In contrast to these long-loop PINs, the hydrophilic loop is short in PIN6, and almost absent in PIN5 and PIN8. These short-loop PINs do not localize to the plasma membrane, but to the endoplasmic reticulum (ER), and presumably mediate auxin flow from the cytosol to the lumen of the ER ([@pcs111-B95]). During phototropism, cell to cell auxin transport appears to be more important than the regulation of inner auxin homeostasis, and the functions of the long-loop PINs in the hypocotyls, particularly PIN1, PIN3, PIN4 and PIN7, have been well analyzed.

Etiolated seedlings of isolated *pin3* mutants have been found to show a slight decrease in the phototropic curvature of their hypocotyls ([@pcs111-B38], [@pcs111-B31]), suggesting that PIN3 has a role in hypocotyl phototropism. [@pcs111-B31] indicated that under conditions of darkness, PIN3 proteins are expressed in the hypocotyl endodermis, which constitutes a barrier between the vasculature and the outer cell layers, and show an apolar localization in endodermal cells. Under unilateral white light irradiation (2 µmol m^−2^s^−1^), the PIN3 protein levels were found to be greatly decreased in the outer lateral side of the endodermal cells on the irradiated hypocotyl side in a phot1-dependent manner ([Fig. 2](#pcs111-F2){ref-type="fig"}). When the auxin distribution pattern was observed using the auxin reporter gene *DR5rev* (a synthetic auxin-inducible promoter)*:GFP* (green fluorescent protein) ([@pcs111-B37]), *pin3* mutant seedlings showed less asymmetry in their *DR5* activity between the epidermis of the irradiated hypocotyl side and the shaded hypocotyl side compared with wild-type seedlings. This suggests that the auxin concentration in the epidermis of the irradiated side of the seedling is lower than that in the shaded side. These observations suggest that PIN3 proteins in the endodermal cells of the irradiated hypocotyl side redirect auxin back into the vasculature and block its flow from the vasculature to the outer cell layers, most notably in the epidermis. This would promote the observed asymmetric auxin distribution and subsequent phototropic response in hypocotyls. Thus, the observed functions of PIN3 appear to be most consistent with hypothetical model 5 ([Fig. 3](#pcs111-F3){ref-type="fig"}).

Because the *pin3* mutant phenotype is moderate, the redundant function of other PIN proteins in phototropism is under examination. [@pcs111-B21] evaluated the phototropic response in de-etiolated, dark-acclimated *pin3* mutant Arabidopsis seedlings. Unexpectedly, *pin3* mutants exhibited a higher curvature than the wild type, and analysis using *DR5rev:GFP* in this report indicated that the primary site of lateral auxin translocation is at and above the hypocotyl apex, as described in hypothetical model 3 ([Fig. 3](#pcs111-F3){ref-type="fig"}), rather than the hypocotyl elongation zone, at which PIN3 polar localization was reported in the study of [@pcs111-B31]. These results also suggest that other key players in addition to PIN3 cause asymmetric auxin distribution during phototropic responses.

[@pcs111-B31] recently examined phototropic responses in etiolated seedlings of the *pin3 pin7* and *pin2 pin3 pin7* mutants, and their findings indicate that the phototropic curvature of *pin3* is slightly decreased by the additional mutation in *pin7*, but not in *pin2*. [@pcs111-B21] also examined phototropic responses in other mutants including *pin1*, *pin2*, *pin4* and *pin7* using de-etiolated, dark-acclimated seedlings. The *pin1*, *pin2* and *pin4* mutants in this case showed normal phototropic responses, but the *pin7* mutant exhibited a lower phototropic curvature than the wild type. These results suggest that PIN3 and PIN7 function in hypocotyl phototropism, but that this is altered in response to the status of seedling photomorphogenesis. [@pcs111-B158] indicated that the *PIN7* promoter (*pro*)*:PIN7-GFP* signal is strong in epidermal cells at the hypocotyl elongation zone in an apolar manner, and thus it is possible that PIN7 may contribute to auxin transport and accumulation in the epidermis of the shaded hypocotyl side.

[@pcs111-B8] reported that PIN1 immunolocalization shows a gradient of delocalization, with a disruption of the basal localization of PIN1 in the cortical cells of the shaded side of the mid-hypocotyl region in a phot1-dependent manner, suggesting that PIN1 plays some role in the phototropic response. However, their later study indicated that *PIN1pro:PIN1-GFP* signals are restricted to the vascular tissue below the cotyledonary node and suggest that the PIN1 immunolocalization signal previously observed in cortical and bundle sheath cells ([@pcs111-B99], [@pcs111-B8]) was non-specific ([@pcs111-B7]). It is also noteworthy that none of the reported genetic studies to date has detected any contribution of PIN1 to phototropic responses.

Although a further examination of the phototropic responses in higher order *pin* mutants such as the *pin1 pin3 pin4 pin7* quadruple mutant is strongly expected to reveal a redundancy of function among the PIN proteins, these multiple mutants show strong developmental defects ([@pcs111-B37]), which will create technical challenges for such analyses. Hence, the significance of the PIN3 function in vivo has not been demonstrated through genetic approaches as yet, although one of the current models of phototropism involving PIN3 polar localization (hypothetical model 5 in [Fig. 3](#pcs111-F3){ref-type="fig"}) has potential and can elegantly explain some of the observed phenomena in relation to this process. Furthermore, how the phototropin signaling pathways promote PIN3 polar localization in the endodermis and what the functions of phototropin signaling are in other tissues including the epidermis and cortex remain to be determined.

AGC3 kinases: PID, WAG1 and WAG2
--------------------------------

PINOID (PID), WAG1 and WAG2 protein kinases (AGC3 kinases) show strong homologies with the kinase domains of phototropins and are regulators of polar auxin transport (reviewed by [@pcs111-B112]). A *pid* loss-of-function mutant was originally isolated as a clone showing apical organogenesis defects similar to those of the *pin1* auxin efflux carrier mutant ([@pcs111-B6]). *WAG1* and *WAG2* genes were identified as *PID* homologs, and a reverse genetic approach revealed that *wag1 wag2* double mutants exhibit a pronounced wavy root phenotype when grown vertically on agar plates ([@pcs111-B123]). Because the wavy root growth appeared to be involved in the tropic and auxin responses ([@pcs111-B103], [@pcs111-B118]), WAG1 and WAG2 therefore appear to control polar auxin transport. The overexpression of PID, WAG1 or WAG2 induces the movement of the auxin efflux carriers of PIN1, PIN2 and PIN4 from the basal to the apical side of the cells via phosphorylation of these PIN proteins ([@pcs111-B39], [@pcs111-B30]). This phosphorylation-triggered apical PIN recycling competes with ARF-GEF (a guanine nucleotide exchange factor for ADP-ribosylation factor GTPase) GNOM-dependent basal recycling, and *wag1 wag2 pid* triple mutants show defects in apical PIN recycling ([@pcs111-B30]). These kinases localize at the plasma membrane in an apolar manner and phosphorylate the middle serine in three conserved TPRXS(N/S) motifs within the PIN central hydrophilic loop ([@pcs111-B30]). The TPRXS(N/S) motifs are well conserved in PIN1, PIN2, PIN3, PIN4, PIN6 and PIN7 ([@pcs111-B56]), suggesting that these AGC3 kinases also phosphorylate PIN3, PIN6 and PIN7, and thereby also control the apical recycling of these proteins. These findings raise the possibility that AGC3 kinases function in the control of phototropic responses.

The role of PID function in tropic responses has recently been reported ([@pcs111-B31]). The hypocotyls of *35S:PID* seedlings, which strongly and constitutively express the *PID* gene, show significantly disrupted phototropic and gravitropic responses, but display normal hypocotyl growth ([@pcs111-B31], [@pcs111-B110]). PID shows kinase activity toward the PIN3 proteins in vitro, and polarization of PIN3 in response to blue light and gravistimulation does not occur in the hypocotyls of *35S:PID* seedlings ([@pcs111-B31], [@pcs111-B110]). This suggests that the constitutive phosphorylation of PIN3 inhibits its polarization and subsequent asymmetric auxin distribution during tropic responses in *35S:PID* seedlings. Furthermore, the transcription of *PID* was found to be repressed by white and blue light irradiation of seedlings, and *PID* expression appeared to be higher on the shaded side compared with the illuminated side. Therefore, [@pcs111-B31] hypothesized that the repression of *PID* transcription on the illuminated side of a seedling causes a decrease in PIN3 phosphorylation and subsequent enhancement of PIN3 relocalization, resulting in targeting of this protein to the inner cell side ([Fig. 2](#pcs111-F2){ref-type="fig"}). This in turn causes asymmetric auxin distribution and a differential phototropic response.

In contrast to gain-of-function mutants, a *wag1 wag2 pid* triple mutant shows opposite effects for the two different tropic responses. The triple mutant hypocotyls show a moderate phototropic curvature with suppression of blue light-induced PIN3 polarization, but a hypergravitropic curvature with gravity-induced PIN3 polarization. A simple explanation for this phenotype is that PID, WAG1 and WAG2 play a significant role in the phototropic response, but not in the gravitropic response, and that other regulators control the phosphorylation status and polarization of PIN3 proteins in response to gravistimulation. [@pcs111-B30] indicated that a basal to apical shift of PIN2 is not induced by AGC1 or AGC2 kinases (AGC kinases are described in later sections), suggesting that these kinases are not involved in this basal to apical shift regulation. The phosphorylation status of PIN1 is regulated antagonistically by PID and PP2A ([@pcs111-B89]). In addition to PIN1, the phosphorylation status of PIN3 may also be regulated by PP2A, and PIN3 dephosphorylation, rather than its phosphorylation, may be the crucial event in gravitropic responses. However, a loss-of-function mutant in one of the PP2A regulatory subunits, *rcn1*/*pp2aa1*, shows an enhanced hypocotyl gravitropic curvature similar to that of the *wag1 wag2 pid* triple mutant under darkness ([@pcs111-B96]) and normal phot1-mediated phototropic responses ([@pcs111-B143]). Therefore, the role of PP2A in the regulation of the PIN3 phosphorylation status remains to be elucidated. There is also a possibility that the hypergravitropic response indirectly causes a decrease in the phototropic curvature in the hypocotyls of *wag1 wag2 pid* mutants and/or that PID kinases are required only to fine-tune the extent of hypocotyl bending in response to light and gravity. Thus, the functional role of AGC3 kinases in phototropic responses remains an open question.

If the phototropin signaling pathways promote phototropic responses through AGC3, an important mechanistic question is how phototropins control the activities of AGC3 kinases. [@pcs111-B31] reported that *phot1 phot2* double mutants show lower light-mediated repression of *PID* transcription and that this repression causes PIN3 polarization on the illuminated side of the seedlings. However, their data appear to show that this repression in *phot1phot2* seedlings occurs moderately. Moreover, *phot1* single mutants do not show any abnormality in *PID* expression under blue light irradiation at 2 µmol m^−2^s^−1^ ([@pcs111-B31]), although *phot1* mutants show an abnormal phototropic response under this condition ([@pcs111-B117]). Observations of PID protein distribution patterns may facilitate examination of this hypothesis.

PID kinase activity is negatively regulated by calcium in vivo ([@pcs111-B4]). PID and other AGC3 kinase activities are repressed by binding of TOUCH3 (TCH3) and enhanced by binding of PINOID BINDING PROTEIN1 (PBP1), in a calcium-dependent manner ([@pcs111-B4], [@pcs111-B112]). The activation of phototropins induces an increase in the cytosolic Ca^2+^ concentration ([@pcs111-B3], [@pcs111-B2], [@pcs111-B49], [@pcs111-B132]). Although the function of calcium signaling in phototropism is not yet clear ([@pcs111-B50]), it has been proposed that phototropin signaling may initiate the relocalization of PINs by modulating the activity of AGC3 kinases through their calcium-induced interaction with TCH3 and PBP1 ([@pcs111-B112]).

PID, WAG1 and WAG2 protein kinases belong to the AGCVIII plant-specific subfamily of AGC kinases ([@pcs111-B11], [@pcs111-B41]). The Arabidopsis genome encodes 37 AGC kinases, of which 23 are classified as AGCVIII group members ([@pcs111-B11], [@pcs111-B41]). [@pcs111-B41] further classified the AGCVIII kinases into four distinct groups, AGC1--AGC4. PID, WAG1 and WAG2 belong to the AGC3 group, with an additional member, AGC3-4. Importantly, PHOT1 and PHOT2 also belong to the AGCVIII kinase family and form the AGC4 group. Both the AGC3 and AGC4 kinases appear to control polar auxin transport along with NRL family members, including NPH3, RPT2 and NPYs, and a symmetry between these two signaling pathways has been proposed ([@pcs111-B41], [@pcs111-B112]). Although phot1 does not show PIN3 phosphorylation activity in vitro ([@pcs111-B31]), it is possible that phototropin AGC4 kinases may phosphorylate PIN proteins and control their polarization in vivo.

ARF-GDP/GTP exchange factor GNOM
--------------------------------

GNOM is an ARF-GEF factor that is important for coat recruitment and cargo-selective vesicle trafficking, and is necessary for embryonic axis formation and polar auxin transport mediated by PIN auxin efflux carriers ([Fig. 2](#pcs111-F2){ref-type="fig"}) ([@pcs111-B88], [@pcs111-B130], [@pcs111-B32], [@pcs111-B42]). Its loss-of-function mutant lacks a primary root and shows an invariable phenotype ([@pcs111-B88], [@pcs111-B130]). The partial loss-of-function *gnom^R5^* allele shows strong defects in hypocotyl phototropism and gravitropism ([@pcs111-B31], [@pcs111-B110]), in addition to defects in root gravitropism and hydrotropism ([@pcs111-B43], [@pcs111-B91]). This evidence suggests that GNOM-dependent PIN polarization is required for differential growth in response to light, gravity and water. However, the plasma membrane localization of phot1 and phot2 is sensitive to the vesicle trafficking inhibitor brefeldin A (BFA), which inhibits GNOM-mediated vesicle trafficking ([@pcs111-B74], [@pcs111-B68]). Hence, the phototropic response appears to require GNOM-mediated vesicle trafficking, which transports not only the PIN auxin efflux carriers, but also many other plasma membrane-associated proteins including the phototropins.

The ABCB19 auxin transporter
----------------------------

The ABCB/PGP (P-glycoprotein)/MDR (multidrug resistance) transporters harbor two ABC domains and are well conserved among prokaryotes and eukaryotes (reviewed by [@pcs111-B86]). The Arabidopsis genome encodes 22 *ABCB* genes and, although most ABCB transporters have yet to be functionally characterized, three of these proteins, ABCB1, ABCB4 and ABCB19, have been identified as auxin transporters (reviewed by [@pcs111-B140]). ABCB1 and ABCB19 show auxin efflux activity, and ABCB4 shows both efflux and influx characteristics. *abcb19* mutants show strong hypocotyl curvatures in response to light and gravity, indicating that ABCB19 is a negative regulator of hypocotyl bending ([@pcs111-B99]).

Basipetal auxin transport is strongly disrupted in hypocotyls of etiolated seedlings of *abcb19* mutants ([@pcs111-B100]), suggesting that ABCB19 is required for this shoot apex to root transport mechanism. [@pcs111-B21] reported that phot1 activation reduces basipetal auxin transport in hypocotyls and that phot1 directly phosphorylates ABCB19 proteins in vitro and suppresses its auxin transport activity in HeLa cells. Furthermore, in de-etiolated, dark-acclimated seedlings of *abcb19* mutants, *DR5rev:GFP* expression has been shown to be markedly decreased in the vasculature of hypocotyls and increased in the epidermis of the mid-hypocotyl shaded side. These findings suggest that ABCB19 functions as a target for phot1 action in shoot apical tissues to halt vertical growth initially and concentrate auxin within this region. The suppression of ABCB19 activity by phot1-dependent phosphorylation may cause a redistribution of auxin flow from the vasculature to the epidermis of the shaded hypocotyl side, which causes enhancement of phototropic curvatures. These observations therefore appear to modify hypothetical model 4 ([Fig. 3](#pcs111-F3){ref-type="fig"}), i.e. that light irradiation suppresses basipetal auxin transport in the vasculature and enhances it in the epidermis of the shaded side of hypocotyls.

[@pcs111-B97] indicated that the ABCB19 proteins are decreased in the upper half of hypocotyls by red or blue light irradiation for ≥4 h. The red light effects are dependent on the phys (phyA and phyB), and the blue light effects require either phys or crys. Consistent with these results, red light irradiation reduces basipetal auxin transport in a phyA- and phyB-dependent manner, suggesting that the suppression of this transport is caused by a reduction in ABCB19 protein levels under red light conditions. Thus, ABCB19 appears to be functionally suppressed under blue light conditions in a rapid manner via protein phosphorylation mediated through phot1 activity, and then by a reduction in its protein levels through the activities of phys or crys, or both ([Fig. 2](#pcs111-F2){ref-type="fig"}). These molecular mechanisms probably also enhance the phototropic responses in hypocotyls.

Although ABCB19 can function as an auxin efflux transporter by itself, it can also control the auxin transport activity of PIN1 (reviewed by [@pcs111-B140]). ABCB19 proteins bind to PIN1 proteins in vivo and in yeast, and stabilize their localization at the plasma membrane ([@pcs111-B7], [@pcs111-B140]). The co-expression of ABCB19 and PIN1 enhances auxin efflux activity, inhibitor sensitivity and substrate specificity in HeLa cells ([@pcs111-B7]). ABCB19 and PIN1 expression patterns overlap at the shoot apex and vasculature in hypocotyls, but polar ABCB19 signals in the bundle sheath and cortical cells do not overlap with *PIN1pro:PIN1-GFP* signals that are restricted to cells of the vascular parenchyma, suggesting that the direct interaction of ABCB19 and PIN1 is tissue dependent ([@pcs111-B7]). Moreover, because ABCB19 also shows binding activity to PIN2 in yeast and in vitro, and its tissue expression overlaps with that of PIN3 and PIN4 in the cortex, this protein may control the activities of other PIN transport pathways including those of PIN3 and PIN4.

ABCB19 proteins bind to a well-characterized inhibitor of auxin efflux, *N*-1-naphthylphthalamic acid (NPA) ([@pcs111-B100]). The inhibitory effects of NPA on auxin transport systems lead to the suppression of both elongation and differential growth in Arabidopsis hypocotyls ([@pcs111-B65], [@pcs111-B38]). Recently, [@pcs111-B98] reported that ABCB19 is required for NPA to exert its inhibitory effects on phototropic and gravitropic responses, but not on elongation, in hypocotyls. Expression analysis of the *DR5:GUS* (β-glucuronidase) auxin reporter gene has suggested that NPA inhibits hypocotyl tropisms by suppressing the asymmetric distribution of auxin in an ABCB19-dependent manner. NPA may thus exert suppressive effects upon the auxin efflux activities of PINs, which are involved in asymmetric auxin distribution through ABCB19. Further analyses are required to elucidate the relationship between ABCB19 and PINs in the phototropic response.

The AUX1/LAX auxin influx carriers
----------------------------------

The *AUX1*/*LAX* genes, which encode auxin influx carrier proteins, are related to a family of amino acid/auxin:proton symport permeases, and four of these genes, *AUX1*, *LAX1*, *LAX2* and *LAX3*, are present in the Arabidopsis genome (reviewed in [@pcs111-B140], [@pcs111-B159]). *aux1* mutants show normal phototropic responses in their hypocotyls and enhanced phototropic responses in their roots ([@pcs111-B102], [@pcs111-B149]). Genetic studies also indicated that the hypocotyls of de-etiolated seedlings of *aux1 lax2 lax3* triple mutants show a slight phototropic curvature decrease in de-etiolated, dark-acclimated seedlings ([@pcs111-B21]) and that the *aux1* mutation enhances the hypocotyl phototropism phenotype of *nph4/msg1* mutants ([@pcs111-B149], [@pcs111-B133]). However, whether the phototropins control the function of AUX1/LAX auxin influx carriers remains unknown. The evidence obtained thus far indicates that this auxin transporter family makes some contribution to the phototropic response in Arabidopsis hypocotyls.

Auxin Action Mechanisms
=======================

The auxin receptors TIR1/AFB and ABP1
-------------------------------------

The transport inhibitor-resistant1 (TIR1) F-box protein is the first identified auxin receptor (reviewed by [@pcs111-B92]). The Arabidopsis TIR1/auxin-binding F-box (AFB) family contains six members (TIR1 and AFB1--AFB5) that localize in the nucleus ([@pcs111-B29], [@pcs111-B106]). Recent genetic studies have indicated that TIR1, AFB1, AFB2 and AFB3 act as positive regulators, and that AFB4 is a negative regulator, of auxin signaling ([@pcs111-B29], [@pcs111-B106], [@pcs111-B44]). Hypocotyls of *tir1 afb1 afb2 afb3* quadruple mutants show a severe phototropism defect and a moderate gravitropism phenotype ([@pcs111-B93]), suggesting that TIR1/AFB auxin receptor signaling causes differential growth through the regulation of ARF7 and/or other transcriptional factors in response to an asymmetric auxin distribution (see subsequent sections). On the other hand, [@pcs111-B125] indicated that hypocotyl segments of a *tir1 afb1 afb2 afb3* quadruple mutant show normal auxin-induced elongation \>4 h after IAA treatment, and propose that the TIR1/AFB family is not involved in the rapid cell expansion that occurs in response to auxin. The relationship between the roles of TIR1/AFB in auxin-induced cell expansion in hypocotyl segments and the phototropic responses of seedling hypocotyls is unclear. Moreover, [@pcs111-B93] highlighted differences in TIR1/AFB function between phototropic and gravitropic responses. Further analyses will be necessary to elucidate properly the functional role of TIR1/AFB in tropic responses and in auxin-induced cell elongation.

Another type of auxin receptor, auxin-binding protein1 (ABP1), is a unique protein that localizes in the ER and on the outer surface of the plasma membrane in Arabidopsis (reviewed by [@pcs111-B142]). The optimal pH for the binding of the synthetic auxin NAA is 5.5, and essentially no binding is obtained at pH values of around 7.0. Because the pH in the ER lumen is close to 7.0, and that in the extracellular matrix is near 5.5, it is likely that ABP1 works as an auxin receptor at the outer surface of the plasma membrane. Although genetic analysis of the *ABP1* gene is made difficult by the fact that its null mutant is embryonic lethal ([@pcs111-B15]), [@pcs111-B33] have recently reported that a heterozygous *abp1/ABP1* mutant shows moderate phototropic and gravitropic response phenotypes. This finding suggests that the ABP1 signaling pathway is crucial for the auxin action mechanisms that control differential growth in response to light and gravity.

ABP1 shows a wide range of regulatory targets including proton pumps and ion channels at the plasma membrane, endocytosis and gene expression (reviewed in [@pcs111-B124], [@pcs111-B126]). It has been observed that auxin binding by ABP1 rapidly stimulates the activity of the plasma membrane H^+^-ATPase and K^+^-inward channels via unknown mechanisms. Acidification of the extracellular matrix by activation of plasma membrane H^+^-ATPase can activate cell wall expansins, which are the major agents for cell wall loosening (reviewed by [@pcs111-B23]), thus facilitating cell expansion. Cellular water uptake with K^+^ influx also allows for turgor-induced cell expansion. These activities appear to be crucial for rapid cell expansion in response to auxin and the differential growth of organs. A recent study has also indicated that ABP1 promotes clathrin-dependent endocytosis and that the auxin binding of ABP1 negatively regulates this activity, and therefore negatively regulates the internalization of auxin efflux carrier PIN proteins ([@pcs111-B113]). The regulation of endocytosis appears to be one of the underlying mechanisms that control the function of PINs, so this particular activity of ABP1 may contribute to the generation of asymmetric auxin distribution during the phototropic response. Furthermore, and also as a consequence of this process, the regulation of the internalization of auxin transporters appears to control the cytosolic auxin concentration and the transcription of the auxin early responsive genes, including *IAA*, *SAUR*, *GH3.5* and *ABP1* itself ([@pcs111-B33]). These functions of ABP1 probably contribute overall to phototropic responses.

The AXR1 subunit of the RUB E1-activating enzyme
------------------------------------------------

The auxin-resistant mutant *axr1* shows small hypocotyl curvatures as a result of both phototropic and gravitropic responses ([@pcs111-B82], [@pcs111-B149]). The *AXR1* gene encodes a subunit of the RELATED TO UBIQUITIN (RUB) E1-activating enzyme, and heterodimers of AXR1 and ECR1 function as RUB E1 ([@pcs111-B26]). The Arabidopsis genome contains a single gene *AXR1-like* (*AXL*) with strong similarity to *AXR1* ([@pcs111-B28]). AXR1 and AXL have redundant functions in RUB conjugation, and the majority of *axr1 axl* double mutants are embryonic or seedling lethal ([@pcs111-B28]). In Arabidopsis, CUL1, CUL3a/b and CUL4 are known to be the main targets of RUB modification (reviewed by [@pcs111-B54]). A phototropism defect in the *axr1* mutants may be caused by an abnormality in the RUB modification of CUL1, which is a subunit of the SCF^TIR1/AFB^ (Skp1--Cullin1--TIR1/AFB F-box) E3 ubiquitin ligase that controls the activities of the ARF transcriptional factors including ARF7/NPH4. However, [@pcs111-B149] indicated that the *axr1* mutation in an *msg1/nph4* mutant background enhances its phenotype and causes a severe hypocotyl phototropism defect. This suggests that the *AXR1* and *ARF7* genes may act independently during phototropism. Another recent study has indicated that CUL3 is involved in phototropism through the function of NPH3 ([@pcs111-B114]). RUB modifications of CUL3, in addition to CUL1, may also be involved in the phototropic responses.

The NPH4/ARF7 auxin-responsive transcription factor
---------------------------------------------------

*nph4* mutants show moderate hypocotyl phototropism and gravitropism phenotypes ([@pcs111-B85]), and the *NPH4* gene appears to function directly in differential growth responses. [@pcs111-B51] cloned and sequenced *NPH4*, which encodes the auxin-regulated transcriptional activator ARF7, one of 23 members of the ARF family of transcriptional regulators (reviewed by [@pcs111-B45]). ARF7 function is suppressed by the binding of the transcriptional repressor IAA19/MSG2 ([@pcs111-B138]). Auxin binds to the TIR1/AFB subunit of the SCF^TIR1/AFB^ ubiquitin ligase, and promotes degradation of IAA19 proteins through a ubiquitin--proteasome pathway ([Fig. 2](#pcs111-F2){ref-type="fig"}) (reviewed in [@pcs111-B45], [@pcs111-B92]). Free ARF7 proteins appear to form homodimers and/or heterodimers with the other transcriptional activators ([@pcs111-B146], [@pcs111-B45]), such as ARF19 or MYB77 ([@pcs111-B155], [@pcs111-B128]). ARF7 thereby promotes the transcription of auxin-responsive genes including the expansin genes *EXPA1* and *EXPA8* ([Fig. 2](#pcs111-F2){ref-type="fig"}) ([@pcs111-B34]), which are involved in cell wall expansion (reviewed by [@pcs111-B23]).

*nph4/arf7* Arabidopsis mutants show a moderate phototropic phenotype ([@pcs111-B85]) that is suppressed by ethylene or by red light irradiation ([@pcs111-B51], [@pcs111-B134]). Furthermore, phototropic curvatures observed in *msg2-1/iaa19* dominant mutants are smaller than those of *nph4* null mutants ([@pcs111-B138]). These results suggest that one or more additional ARFs function in phototropism. ARF19 is involved in phototropism in *nph4* mutants under ethylene exposure, which induces its expression and recovers the phototropic responses ([@pcs111-B81], [@pcs111-B133]). However, the *arf19* single mutant shows normal phototropic responses, and the *arf7 arf19* double mutants also show moderate phototropic curvatures similar to those of the *arf7* single mutants ([@pcs111-B104], [@pcs111-B133]). [@pcs111-B133] attempted to identify the locus at which a mutation produces an enhancing effect on the *nph4* phenotype on the hypocotyl phototropic response, but the involvement of additional ARFs has not been identified as yet. Thus, it has not yet been determined whether phototropic bending is promoted by the ARF transcription factors in a functionally redundant manner or by other transcription factors and/or mechanisms.

Perspectives
============

Since the identification of NPH1/phot1 in 1997, significant progress has been made in our understanding of the molecular mechanisms governing the phototropic responses in plants, including the functional redundancy of phot1 and phot2, various effects of phys and crys, the components of phototropin signaling, auxin transporters and auxin signaling factors. However, many questions regarding the molecular basis of phototropism remain to be answered; for example, the nature of how phototropin signaling induces the asymmetric distribution of auxin, a lack of any clear phototropism phenotypes in *pin* and *pid* multiple mutants and whether the ubiquitination of phot1 by NPH3 is important for the phototropic response. Further studies of these and other issues will ultimately elucidate the phototropin signaling pathways and the complex mechanisms that underlie the responses of plants to light stimuli.
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35S

:   *Cauliflower mosaic virus* 35S promoter

ABCB

:   ATP-binding cassette subfamily B-type

ABP

:   auxin-binding protein

ADG

:   ADP glucose pyrophosphorylase

AFB

:   auxin-binding F-box

AGC

:   protein kinase A, cGMP-dependent protein kinase and protein kinase C

AGR

:   agravitropic

ARF

:   auxin-responsive factor

AXL

:   AXR1-like

AXR

:   auxin resistant

ARF-GAP

:   ADP-ribosylation factor--GTPase-activating protein

ARF-GEF

:   ADP-ribosylation factor--guanine nucleotide exchange factor

AUX

:   auxin resistant

BFA

:   brefeldin A

BTB/POZ

:   broad-complex, tramtrack and bric-à-brac/Pox virus and zinc finger

CPT

:   coleoptile phototropism

cry

:   cryptochrome

CUL

:   cullin

CYP

:   cytochrome P450

DOT

:   defectively organized tributaries

EHB

:   enhanced bending

ER

:   endoplasmic reticulum

EXPA

:   expansin

GAI

:   gibberellin insensitive

GFP

:   green fluorescent protein

GUS

:   β-glucuronidase

LAX

:   like-AUX

LOV

:   light, oxygen, voltage

MAB

:   macchi-bou

MDR

:   multidrug resistance

MSG

:   massugu

NPH

:   nonphototropic hypocotyl

NPL

:   NPH1-like

NPY

:   naked pins in yuc

NRL

:   NPH3/RPT2-like

PAC

:   paclobutrazol

PBP1

:   pinoid-binding protein 1

PGM

:   phosphoglucomutase

PGP

:   P-glycoprotein

phot

:   phototropin

phy

:   phytochrome

PID

:   pinoid

PIN

:   pin-formed

PKS

:   phytochrome kinase substrate

PP2A

:   protein phosphatase 2A

pro

:   promoter

RCN

:   roots curl in NPA

RGA

:   repressor of *ga1-3*

RGL

:   RGA-like

RPT

:   root phototropism

RUB

:   related to ubiquitin

SCF

:   Skp1--Cullin1--F-box

TAA

:   tryptophan aminotransferase of Arabidopsis

TCH3

:   TOUCH3

TIR

:   transport inhibitor-resistant

YUC

:   yucca.

[^1]: *^a^* Mutant phenotype caused by: GOF, gain of function; LOF, loss of function; OE, overexpression.
